but also on strain-specific features of IAV, and both issues will be discussed. SP-D from pigs exhibits distinct anti-IAV properties and is discussed in more detail. Finally, the potential of SP-D as a prophylactic and/or therapeutic antiviral agent to protect humans against infections by IAV is discussed.
in contrast to the adaptive immune response. The recognition of nonself antigen is key in the induction of the innate immune response. Such nonself antigens include pathogen-associated molecular patterns known as PAMPs, which are conserved molecular signatures of pathogens such as lipopolysaccharide, double-or singlestranded RNA, mannose-rich glycans or peptidoglycans. PAMPs are highly conserved molecular structures that play a key role in the survival and/or virulence of pathogens [1] . Several cells and molecules of the innate immune system can recognize PAMPs, including a group of innate immune proteins known as 'collectins' which are involved in early stages of host defense against a broad range of microorganisms that include Gram-positive and Gram-negative bacteria, viruses, fungi and yeasts.
The collectin family includes different members and although they are considered evolutionary ancient, their occurrence and structural/functional characteristics show (subtle) variations even amongst mammalian species. In humans, the three major members of this protein family comprise surfactant protein A (SP-A), surfactant protein D (SP-D) and mannose-binding lectin. SP-A and SP-D are constitutively secreted into the lungs by alveolar type II cells and unciliated bronchial epithelial cells [2] , but they can also be produced in other mucosal tissues [3] [4] [5] . In contrast, mannose-binding lectin is a serum collectin that is produced in the liver and plays an important role in complement activation via the lectin pathway. The polypeptide structure of all collectins is characterized by the presence of a cysteine-rich N-terminal domain, a collagenous domain, a trimerizing neck domain and a Ctype lectin domain (carbohydrate recognition domain, CRD) which adopts a stable carbohydrate-binding conformation in the presence of Ca 2+ ( fig. 1 a) . All collectins known to date assemble into trimers and in most cases these subunits arrange into higher-order oligomers ( fig. 1 b) that are able to recognize and bind to patterns of glycoconjugates expressed on the surface of pathogens. As a result of this interaction, collectins participate in neutralization and clearance of a wide range of microorganisms including bacteria, fungi and viruses [6] . This review focuses on the role of the 'pulmonary collectin' SP-D in early defense against the respiratory pathogen influenza A virus (IAV). The following paragraph summarizes several important characteristics of IAV.
Characteristics of IAV
IAV is a major cause of respiratory tract infections resulting in a highly contagious disease that leads to excess morbidity and mortality every year [7] . Different sub- , a collagen-like region (Collagen), a short region that initiates trimerization by forming a short alpha-helical coiled-coil between three polypeptide chains (Neck), and a C-type lectin domain also referred to as CRD that recognizes glycan structures in a Ca 2+ -dependent manner. The number of amino acids that comprises a mature SP-D polypeptide and its distinct domains are indicated. Structural variations within the polypeptide chain exist between different members of the collectin family but may also result from animal-species-specific differences within one class. The most important ones include: number and location of cysteine residues, variable length of the collagen domain, differences in N-and O-linked glycosylation profiles, and variability of residues flanking the ligand-binding pocket [82] . A general feature of all collectins is their ability to form trimers, resulting in well-defined spatial arrangements of three CRDs, which is important for glycan pattern-mediated recognition of nonself structures (e.g. pathogens). b Trimeric subunits can be further assembled into higher-order oligomers as illustrated for the three well-characterized collectins in humans: SP-D, SP-A and MBP. types of IAV are defined depending on their two surface proteins, the hemagglutinin (HA) and the neuraminidase (NA). A total of 17 types of HA and 9 types of NA are reported and in theory any combination is possible. HA is the predominant protein in the viral envelope and plays an important role in the virus cycle since it is the IAV receptor binding protein that recognizes sialic acid (SA; fig. 2 specific SA linkages, the receptor specificity dictates viral tropism and host specificity. The HA of human IAVs recognizes α(2,6)-linked sialosaccharides (NeuAcα2-6Gal) that are mainly present in the upper respiratory tract of humans [11] [12] [13] , whereas the HA of avian IAV recognizes α(2,3)-linked sialosaccharides (NeuAcα2-3Gal) that are found in the avian gastrointestinal tract and in the lower region of the human respiratory tract [14] [15] [16] . After the fusion event, the RNA segments are released in the cytosol and delivered into the nucleus where replication and transcription of the viral RNA take place. New viral particles are assembled at the membrane and budding is facilitated by the viral NA that enzymatically cleaves off SA residues from the infected cell, resulting in release of the virus from the infected host cells. Most commonly inactivated influenza vaccines are used to protect individuals from contracting influenza and these vaccines mainly aim at the induction of antibodies against IAV membrane glycoproteins in particular HA. However, due to their high mutation rate, IAV evolve rapidly and undergo antigenic changes that are known as antigenic drift [17] . As a consequence, vaccines have to be adapted annually to match the circulating seasonal IAV. Moreover, novel antigenically distinct IAV can be introduced into the human population (antigenic shift), which may give rise to pandemic outbreaks and numerous deaths before a sufficient number of vaccine doses can be produced and distributed, as was the case during the 2009 pandemic [18] . Considering these limitations, it is important to develop alternative antiviral strategies that may help to protect the human population against infections with novel IAV. SP-D, a natural component of our innate immune system, is able to recognize and neutralize a wide range of subtypes of IAV and could be a venue for development of a novel, broad-spectrum antiviral drug against IAV.
SP-D-Mediated Inhibition of IAV in vitro

Multivalency of Interactions between SP-D and IAV
SP-D polypeptides assemble into trimers and these trimeric subunits can be further oligomerized into higherorder multimers like dodecamers, stabilized by disulfide bonds present in the N-terminal region ( fig. 1 b) [19] . The trimeric configuration of each subunit facilitates multivalent high-avidity interactions between three clustered CRDs at the C-terminus of a single collectin arm, with specific patterns of glycoconjugates as present on the surface of IAV. The dimensions and spatial organization of three clustered SP-Ds match those of the trimeric HAs on IAV ( fig. 2 b) and this results in strong binding of viral glycans as present on the HA of IAV. Although there are reports indicating that SP-D also binds glycans present on NA [20] , this interaction is considered less important given the 5-fold higher abundance of HA on the viral surface and the more extended configuration of the HA molecule. Of note, several studies showed that SP-D is able to inhibit NA activity either indirectly by binding adjacent HA molecules causing steric hindrance and blocking access of NA substrates (studies with intact virus [21] ), or directly by binding NA resulting in reduction of NA activity [22] .
Aggregation of IAV is an important neutralization mechanism that helps to prevent viral particles from infecting pulmonary epithelial cells. In addition, viral aggregate formation allows phagocytic cells to enhance neutralization and clearance of IAV more efficiently [23] . Viral aggregation requires multitrimeric structures like dodecameric SP-D. Several IAV neutralization studies with SP-D preparations expressed and purified in different degrees of assembly have underlined this correlation between the state of oligomerization and the IAV neutralization activity [24] [25] [26] . These results are of special interest since in humans there is a common polymorphism at position 11 (Met/Thr) of the mature protein sequence and the SP-D Thr/Thr11 form assembles predominantly as trimers that also have reduced antiviral capacity. Therefore, the presence of this polymorphism in humans may correlate with an enhanced susceptibility to IAV infections [24] .
SP-D Binds IAV via Its CRD
The first in vitro studies showing that SP-D inhibits IAV were performed by Hartshorn et al. [27] . By using native rat SP-D and recombinant forms of rat and human SP-D they could demonstrate SP-D-mediated inhibition of H3N2 and H1N1 subtypes of IAV. This inhibitory activity proofed to be Ca 2+ -dependent, indicating that the CRD of SP-D is involved in interactions with glycans present on the surface of IAV ( fig. 3 a) . Several in vitro studies were published illustrating the comparatively strong inhibitory activity of SP-D against IAV and of the human collectins, SP-D is in general the most potent in neutralizing IAV as compared to SP-A and mannosebinding lectin [27] [28] [29] .
Recognition of IAV by SP-D is mediated via its CRD. Like all collectins (except CL-P1), SP-D is a mannosetype lectin, preferentially binding mannose-type glycans over galactose-type glycans [30] . However, the carbohy-drate binding specificity of SP-D shows subtle animal species-specific variations and this is determined by differences in specific residues located in the sugar binding pocket of the CRD [31, 32] . While human SP-D (hSP-D) has a high affinity for N-acetyl-mannosamine, rat and mouse SP-D preferentially recognize myo-inositol, maltose and glucose [31] and porcine SP-D (pSP-D) prefers mannose, maltose and glucose [33, 34] . Apart from the glycan species, the number of glycans present on HA (and to a lesser extent on NA) and their exact location on the IAV surface proteins are also important factors in mediating recognition by SP-D. Several investigations have indicated that the number of Asn-linked glycosylations on HA affects the susceptibility of IAV to inhibition by SP-D and that the degree of HA glycosylation correlates with virulence of IAV in mice. This will be described in more detail in the section below. 
HA Glycosylation versus Neutralization of IAV by SP-D
Glycosylation of IAV is not only important for structural stability and integrity of HA and NA, but it also provides an effective means of immune evasion by shielding antigenic sites on the viral HA [35] . As a result of antigenic drift, human strains tend to accumulate glycosylation sites and in vivo experiments showed that mice are less susceptible to infection with more recent human IAV strains [36] . The accumulation of glycans on HA might be driven by antibody pressure since glycosylation may result in masking of neutralization epitopes present on HA and subsequent evasion from antibody-mediated neutralization by the host [37] . This inverse correlation between the extent of glycosylation of a particular IAV strain and its virulence in naïve mice precludes involvement of preexisting adaptive immunity and was attributed to increased IAV susceptibility to SP-D-mediated inhibition, as well as recognition and killing of virus that involves the mannose receptor on macrophages [36, [38] [39] [40] [41] . Of interest, the HA proteins of pandemic viruses (1918, 1957, 1968 and 2009 ) are poorly glycosylated and these caused alveolitis and bronchiolitis, in contrast to a seasonal H1N1 strain that induced only mild disease in infected mice [42] . The low number of N-linked glycans on these viruses correlates with a low susceptibility to SP-D-mediated neutralization [42, 43] . In contrast, seasonal viruses that are sensitive to SP-D cause relatively mild disease [42] . It can be hypothesized that infection with a SP-D-insensitive IAV strain results in higher virus replication and more clinical signs while infection with a SP-Dsensitive strain leads to a milder clinical course as SP-D can neutralize the virus and may help to reduce the spread of virus ( fig. 4 ) . However more studies are needed to determine the correlation between sensitivity to SP-D, glycosylation and pathogenicity of IAV.
In recent studies, reverse genetics on IAV was applied to study the impact of introducing or deleting N-glycosylation sites in the viral HA for IAV susceptibility to SP-D-mediated neutralization. The number of glycosylation sites that was introduced in the HA of IAV A/Hong Kong/1/68 (H3N2) determined the sensitivity of the virus to hSP-D [44] and was shown to be inversely correlated with viral virulence. These findings were confirmed using another H3N2 virus showing that presence of N-linked glycans at positions N165 and N246 contributed to attenuation of the virus and increased susceptibility to SP-D [40] and that the loss of a single glycosylation site at N246 was associated with resistance to SP-D but also to higher virulence in mice [39] . Previously it was also shown in studies with the reassortant H3N2 strain X79 that deletion of the glycosylation site at position N165 of the HA of IAV resulted in decreased sensitivity to SP-D inhibition [45] . Furthermore, it was shown that the Nlinked glycosylation site at position N165 in H3N2 virus is absent in a collectin-resistant strain [46] . The importance of N165 as an important target for SP-D to interact with H3 subtypes is underlined by a study that described the predicted glycosylation profiles of various IAV HA subtypes. Analysis of 2,800 H3N2 full-length sequences (from all hosts and geographic regions) revealed that in general H3s have up to 6 glycosylation sites in their globular domain of which N165 appears to be the most conserved glycosylation site in H3 sequences [47] . This may at least in part explain why IAV strains of the H3 subtype are in general much more susceptible to SP-D-mediated neutralization as compared to IAV strains from other HA subtypes.
The correlation between glycan attachment sites on the HA and susceptibility to neutralization by SP-D was also demonstrated for several IAV strains of the H1N1 subtype. Based upon H1 sequence numbering of the mature protein, glycosylation of the head region of H1 tends to be clustered in 2 distinct regions: around the base of the head region (centered around N54 and N87) or in the globular head region (centered around 125 and 160 [47] ; fig. 2 c) . Interestingly, the N-glycan at N87 has been present in all strains since 1977 and was shown to be important for inhibition by SP-D [46] . This glycan was predicted to be absent in the pandemic 1918 strain that also lacked glycosylation in the globular head region [48] . SP-D sensitivity tests using a panel of different H1N1 isolates revealed that glycans at N125 and N155 are important for inhibition by SP-D and this was underlined by virulence studies in mice [41] . By using PR-8 as a model strain for the introduction of N-glycosylation sites it was shown that especially N125 appears important for neutralization by SP-D [43] , probably due to the location of N125 being in close proximity of the SA receptor. Recently, our group performed a reverse genetics study in which the pandemic 2009 H1N1 strain and a seasonal 2007 H1N1 strain were used to investigate the relative importance of the number and the position(s) of N-glycosylation sites in the head region of the HA for susceptibility of these IAV strains to the neutralizing activity of pSP-D [49] . It was shown that in contrast to the seasonal H1N1 strain, pandemic 2009 H1N1 lacks the 2 important Nlinked glycans at N125 and N160 in its globular head region, making this strain highly resistant against pSP-D; by introducing these 2 N-glycans into the pandemic 2009 strain this resistance was counterbalanced. The reverse effect was observed using the seasonal H1N1 strain (susceptible to SP-D) and deleting the N125 glycan, resulting in a mutant that is much more resistant to SP-D. Interestingly, this same study showed that deletion of N276, present at the base of the head region of HA from pandemic H1N1 but absent in seasonal H1N1, substantially enhanced resistance against pSP-D. Taken together, these findings illustrate the importance of the degree of HA glycosylation and which positions/regions of the HA appear relatively important to facilitate glycan-dependent interactions between HA and SP-D resulting in more efficient clearance of IAV. IAV strains that circulate in low-mutation-pressure hosts like pigs and birds generally share poorly glycosylated globular domains of their HAs and when successfully introduced into the human population, may develop into pandemics (2009 H1N1, 1918 H1N1 [50] ) or display pandemic potential as in the case of glycan-deficient H5N1 strains [51] . It remains to be investigated how resistance of these IAVs to early innate immune defense components, such as SP-D, contribute to their virulence and clinical severity that in most cases follows after infection with these strains. Figure 4 illustrates a hypothetical comparison between the degree of viral glycosylation, SP-D sensitivity, tissue tropism and relative virulence, restricted for those subtypes that are known to infect the human population.
Immunomodulatory Roles of SP-D
Binding of IAV by SP-D contributes to immediate protection against infection due to aggregation of viral particles, resulting in a reduction of the number of infectious particles in the lungs. However, the formation of SP-D/IAV complexes can also result in distinct interactions with immune cells leading to enhanced phagocytosis and modulation of the inflammatory response. Extensive studies on the interactions between neutrophils and SP-D have shown that SP-D is chemotactic for neutrophils [52, 53] and can bind SIRPα and SIRPβ [54] , two surface proteins on neutrophils involved in neutrophil migration, phagocytosis and cytokine secretion. After IAV infection of the respiratory tract, neutrophils infiltrate the site of infection and are activated. IAV can cause neutrophil dysfunction and induce apoptosis, which may predispose to secondary bacterial infections. IAVs are also responsible for the deactivation of the neutrophils by inhibiting the respiratory burst (rapid release of reactive oxygen species by phagocytic cells to degrade internalized pathogens). This phenomenon is mediated via HA which is able to cross-link sialylated surface receptors of the cell. Multimers of RhSP-D enhance binding of IAV to neutrophils in vitro. This is thought to be mediated via SP-Dinduced aggregation of the virus, which would promote the binding of these large aggregates to neutrophils and would help the clearance by phagocytic mechanisms [27, 55] . Multimeric forms of SP-D also enhance neutrophil activation and protect the neutrophils against deactivation caused by IAV [55, 56] in contrast to trimeric forms of RhSP-D which inhibit IAV less efficiently, do not cause viral aggregation and are unable to protect neutrophils against deactivation [23] . Interactions of SP-D with neutrophils can be influenced by external factors. During acute infection, neutrophils and SP-D collaborate to clear IAV. However, if there is a chronic neutrophil activation preceding IAV infection, this will interfere with SP-Dmediated protection of neutrophils against IAV infection [57] . Furthermore, human neutrophil defensins interfere with the antiviral properties of SP-D [58] . SP-D can also interact with TLR2 and TLR4 [59, 60] . It is known that TLR4 mediates lung injury during H5N1 infection [61] and other studies showed that SP-D downregulates the inflammatory response mediated via TLR4 after lipopolysaccharide exposure in vitro [60] . Interestingly, it was demonstrated in ferrets and macaques infected with a lethal dose of H5N1 that the expression of SP-D mRNA is decreased [62] . A similar effect was observed in experiments with human alveolar type II cells which show a reduced secretion of SP-D after infection with H1N1 virus [63] . Therefore it can be hypothesized that due to the decrease of SP-D expression during H5N1 infection, TLR4 signaling is not downregulated and may contribute to acute lung injury during IAV infection.
Unique Properties of SP-D from Pigs
Several studies have shown that pSP-D can inhibit IAV of various subtypes more efficiently than hSP-D [22, 33] and that pSP-D can bind hSP-D-resistant strains that belong to the H5N1 subtype and pandemic 2009 H1N1 subtype although inefficiently [22, 43] . These species-specific differences in anti-IAV activity can be explained by the presence of unique structural properties in the CRD of pSP-D which are absent in SP-Ds from other animal species characterized to date [64] . Firstly, the CRD of pSP-D contains an N-linked, complex oligosaccharide at Asn303 that is fully sialylated with α(2,6)-linked SAs [65] . It was shown that the presence of terminal SAs on this complex glycan in the CRD contributes to the hemagglutinationinhibitory capacity of pSP-D against IAV [33, 66] ( fig. 3 b) . This interaction appears even more relevant for pSP-Dmediated neutralization of IAVs that are poorly glycosylated [66] . Secondly, the CRD of pSP-D contains a unique tripeptide loop region that alters the lectin site conformation of the CRD, as described in a recent study on the crystal structure of a neck-CRD fragment of pSP-D [67] . Modeling studies suggest that this GSS-loop region facilitates interactions with distal portions of branched mannoside and results in distinct, high-affinity interactions between pSP-D and mannose-rich oligosaccharides expressed on the IAV surface.
Of interest, although pigs can be infected by IAV, the mortality rate is low (<1%) and they may be partially protected against infection by pSP-D [68] . The 2009 pandemic H1N1 viruses are of swine origin and are poorly glycosylated, making them fully resistant to neutralization by human SP-D [43] and less sensitive to inhibition by pSP-D [49] . This could favor escape from recognition by SP-D. Furthermore, commercial pigs have a limited life span which limits the selective pressure mediated by antibodies compared to humans [17, 69, 70] . It could be hypothesized that components of the innate immune system are more important for selective pressure than the adaptive immune system and antibodies in particular. Of interest, antigenic evolution is associated with a gain of N-linked glycosylation sites [71, 72] and therefore pandemic influenza viruses such as 2009 pandemic H1N1 may become more susceptible to the action of SP-D, which may contribute to restricted tropism to the upper respiratory tract, comparable to seasonal IAV of the H3N2 subtype and prepandemic H1N1 viruses [73] .
Role of SP-D against IAV in vivo
SP-D knockout mice have been generated for more than 10 years ago. Mice heterozygous for the SP-D gene produce 50% less SP-D but display a normal phenotype. SP-D-deficient mice show a progressive accumulation of surfactant lipids and SP-A and SP-B in the alveolar space, the alveolar phospholipid pool being 8 times higher compared to the wild-type mice. There is also an accumulation of macrophages and alveolar type II cells are hyperplastic and contain giant lamellar bodies [74] . This sug-gests that SP-D is important for surfactant homeostasis in the lungs. The phenotype of SP-D null mice can be reversed by administration of recombinant SP-D to their lungs. Of note, a mutant lacking the collagen domain of SP-D failed to reverse the phenotype [75] , indicating that multimerization of SP-D is required to restore lung homeostasis.
After infection of wild-type mice with highly glycosylated IAV, endogenous SP-D increases while SP-D-deficient mice show a decreased viral clearance that can be reversed if RhSP-D is administered to the SP-D-deficient mice. However, during infection with a poorly glycosylated IAV that was resistant to inhibition by SP-D no difference was observed between wild-type and the SP-D knockout mice [76] . This result illustrates that SP-D-mediated clearance of IAV is affected by the degree of viral glycosylation of a particular strain.
Perspectives for SP-D as a Novel Antiviral Drug
To treat infected individuals, two classes of licensed antiviral drugs against influenza exist. The first are the adamantanes (amantadine and rimantadine), which inhibit the proton channel function of the matrix 2 (M2) protein. The other class of antiviral drugs comprises the NA inhibitors, zanamivir and oseltamivir. Unfortunately, the use of these antiviral drugs has some drawbacks such as side effects but also the emergence of resistant strains. For example, seasonal H3N2 IAV resistant to amantadine emerged in 2000 in Asia and has been the predominant strain ever since [77] . In addition, most of the seasonal H1N1 viruses isolated in the influenza season 2008-2009 were resistant to oseltamivir [77] [78] [79] . Clearly there is a need for novel classes of antiviral drugs that can be used to treat IAV infections and that do not suffer from these disadvantages.
The use of SP-D as an antiviral drug would offer several advantages. SP-D and especially pSP-D neutralize a broad range of IAVs and, in contrast to the use of NA inhibitors, it is unlikely that a single mutation in the genome of IAV would induce resistance against the antiviral activity of SP-D. Furthermore, SP-D can be administered into the airways to provide acute protection against invading IAV particles. Since SP-D is a naturally occurring substance in the airways, little toxic effects are anticipated and a relatively high immunogenic tolerance for such a biotherapeutic drug in humans. So far, only a few studies have addressed the role of SP-D as a potential antiviral drug. Mice that received a recombinant trimeric neck-CRD fragment of hSP-D before or repeated doses for several days after inoculation with respiratory syncytial virus displayed lower viral loads compared to untreated mice [80] . As for IAV, a recent study with a similarly truncated hSP-D molecule that also had two mutations engineered into its CRD (D325A/R343V) showed decreased morbidity and enhanced viral clearance in an infection model using mice in contrast to using oligomeric wild-type hSP-D [81] . These first successful anti-IAV studies in vivo can be considered as a major step forward in using SP-D as an antiviral drug against IAV. However, these studies involved coadministration of the modified SP-D after preincubation with IAV followed by application of the SP-D/IAV mixture to the animals. The potency of SP-D as an effective prophylactic or therapeutic drug requires further investigation.
Conclusions
SP-D shows strong antiviral properties against IAV in vitro and recent in vivo data have indicated that derivatives of this innate immune protein show potential to become a novel, antiviral drug. Of special interest, wild-type pSP-D exhibits strong antiviral properties against a much broader range of IAV strains/subtypes compared to hSP-D as it is naturally expressed in the airways. Future studies that are aimed to improve the antiviral activity of an hSP-D-based antiviral drug will benefit from our expanding knowledge on structure and properties of pSP-D.
